Proximity of TCR and its CD8 coreceptor controls sensitivity of T cells  by Borger, Jessica G. et al.
PJ
a
b
4
c
M
a
A
R
R
A
A
K
T
C
A
F
T
F
m
1
o
u
T
c
a
s
e
l
o
t
m
c
p
e
E
(
0
hImmunology Letters 157 (2014) 16– 22
Contents lists available at ScienceDirect
Immunology  Letters
jou rn al hom ep age: www.elsev ier .com/ locate / immlet
roximity  of  TCR  and  its  CD8  coreceptor  controls  sensitivity  of  T  cells
essica  G.  Borgera, Rose  Zamoyskaa, Dmitry  M.  Gakamskyb,c,∗
Institute of Immunology and Infection Research, The University of Edinburgh, Edinburgh EH9 3JT, UK
Institute of Biological Chemistry, Biophysics and Bioengineering, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14
AS  Scotland, UK
Collaborative Optical Spectroscopy, Micromanipulation and Imaging Centre COSMIC, School of Physics and Astronomy, The University of Edinburgh,
ayﬁeld Road, Edinburgh EH9 3JZ, UK
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 30 September 2013
eceived in revised form 30 October 2013
ccepted 4 November 2013
vailable online 18 November 2013
eywords:
a  b  s  t  r  a  c  t
Spatial  organisation  of  T cell  receptor  (TCR)  and  its  coreceptor  CD8  on the  surface  of  live  naïve  and
Ag-experienced  CD8+ T cells  was  resolved  by  ﬂuorescence  lifetime  cross-correlation  microscopy.  We
found  that exposure  of naïve CD8+ T  cells  to  antigen  (Ag)  causes  formation  of  [TCR, CD8]  functional
ensembles  on the  cell  surface  which  correlated  with  signiﬁcantly  enhanced  sensitivity  of these  cells.
In  contrast,  TCR  and  CD8  are randomly  distributed  on  the  surface  of  naïve  cells.  Our  model  suggests
that  close  proximity  of  TCR and  CD8 can  increase  Ag sensitivity  of T cells  by  signiﬁcant  accelerating  the
TCR–peptide-major  histocompatibility  complex  (pMHC)  binding  rate  and  stabilisation  of this  complex. cell receptor signalling
D8 coreceptor
ntigen recognition
unctional avidity maturation
 cell sensitivity
We  suggest  that the  proximity  of  these  primary  signalling  molecules  contributes  to  the  mechanism  of
functional  avidity  maturation  of  CD8+ T cells  by  switching  them  from  a low  to high sensitivity  mode.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. luorescence lifetime cross-correlation
icroscopy
. Introduction
CD8+ T cells can substantially increase in sensitivity in the course
f immune response by the mechanism of functional avidity mat-
ration [1–3] to provide effective defence from re-infection [4].
he increase in sensitivity of T cells in contrast with B cells is not
aused by the mechanism of somatic hypermutation [5]. Functional
vidity maturation was explained in part by predominant expan-
ion of clones with highest sensitivity to pMHC. However, cells
xpressing the same TCR can also increase sensitivity and become
ess dependent on CD28 co-stimulatory signal [6]. No correlation
f T cell sensitivity with expression levels of the primary activa-
ion molecules (TCR and CD8) or adhesion molecules (LFA-1, CD2,
Abbreviations: TCR, T cell receptor; NSOM, near-ﬁeld scanning optical
icroscopy; EM,  electron microscopy; mAb, monoclonal antibody; Ag, antigen; CTL,
ytotoxic T cell lymphocyte; LN, lymph node; FCS, fetal calf serum; APC, antigen
resenting cell.
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Open access under CC BY-NC-ND CD43 and CD49d) was  found [1]. All these ﬁndings suggested that
that functional avidity maturation is caused by permanent changes
in the signal transduction machinery regulating intermolecular
events which follow the TCR–pMHC interaction.
A critical role of Lck association with CD8 has been demon-
strated [7–11]. It was  found that Lck mediated phosphorylation of
immunotyrosine-based activation motifs of the cytoplasmatic tails
of the CD3 is necessary for T cell signalling [12]. An important role
for the alpha-chain connecting peptide motif in mediating TCR-CD8
cooperation was also shown [13]
It is noteworthy that in vitro stimulation of naïve T cells substan-
tially increases the spatial coordination of the CD8 coreceptor and
Lck which leads to more efﬁcient organisation of the TCR signalling
machinery [14]. In addition, co-capping CD8/TCR experiments
suggested that optimal colocalisation of TCR and CD8 controls func-
tional avidity of T cells [15].
Our earlier real-time data on tetramer association with T cell
clones and hybridomas [16,17] led us to suggest a kinetic promo-
tion mechanism of CD8 cooperation which requires a colocalisation
of TCR and CD8 on the cell surface which was  named the prox-
imity model. We  also found that CD8 can signiﬁcantly stabilise
the formed TCR–pMHC complex. Disruption of rafts in the cellular
membrane signiﬁcantly slowed down the rate of tetramer asso-
ciation with T cells suggesting that the functional TCR and CD8
complexes reside in the cholesterol-rich domains [16]. Other stud-
ies investigating the involvement of CD8 in ﬁne tuning of T cell
license. 
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channels by Dichroic beam splitter 2 (FF740-Di01-25-36 Semrock,
Laser 2000, Ringstead, UK) to be detected by two Single-Photon
Avalanche Diodes (SPAD, SPMC-AQR-13, PerkinElmer, Cambridge,
UK) trough interference ﬁlters 655 nm (FF01-655/15-25 Semrock,
Fig. 1. Schematics of the photon correlation module. The laser light is focused byJ.G. Borger et al. / Immun
ensitivity came to similar conclusions: namely that CD8 can inﬂu-
nce both the TCR–pMHC association and dissociation rate and
mprove the binding efﬁciency of T cells particularly those with low
fﬁnity TCR and the CD8 involvement in Ag recognition recruits
he TCR–pMHC complex to membrane microdomains where TCR
ediated signalling steps proceed signiﬁcantly faster [18,19].
Using near-ﬁeld scanning optical microscopy (NSOM) the
hysical distribution of the TCR and CD8 on the surface of antibody
timulated Rhesus monkey peripheral blood T cells was examined
nd showed that TCR and CD8 were organised in nanoclusters
n the cell surface. In contrast, in the same study, unstimulated
rimary cells had a random distribution of TCR and CD8 as single
olecules or small clusters of 2–4 molecules [20]. Furthermore,
lectron microscopy (EM) data showed that Ag-stimulated and
emory T cells have more and larger TCR oligomers on the cell
urface than their naïve counterparts [21]. These data indicate that
he distribution of TCR and CD8 varies between naïve and antigen
xperienced cells although both above results were obtained in
xed cells. Nanoscale proximity of TCR and CD8 was  also reported
n the surface of unﬁxed low dose Ag-stimulated cells by ﬂuo-
escence resonance energy transfer between CD8 labelled with a
uorescence donor and TCR labelled with a ﬂuorescence acceptor
y the interaction with a cognate pMHC ligand [22] however this
nteraction may  bring about spatial coordination TCR and CD8.
Measurement of TCR and CD8 organisation in live cells repre-
ents a considerable experimental challenge. Here we  employed
uorescence lifetime cross-correlation microscopy to measure the
roximity of TCR and CD8 molecules in naïve and Ag-experienced
D8+ T cells. In contrast with NSOM or EM,  this method does
ot require intensive labelling of the proteins which can disturb
heir organisation and allows the measurements at virtually non-
nvasive level of optical excitation in live cells. Our results show
early total colocalisation of TCR with CD8 on the surface of Ag-
xperienced T cells but virtually their random distribution on the
urface of naïve cells. Based on these results we discuss a model
hich can explain, at least in part, the different sensitivity of
aïve and Ag-experienced cells and suggest that the proximity of
hese primary signalling molecules contributes to the mechanism
f functional avidity maturation of CD8+ T cells by switching them
rom a low to high sensitivity mode.
. Materials and methods
.1. Cells, antibodies and chemicals
Unless otherwise stated, all chemicals were purchased from
igma–Aldrich (Haverhill, UK). Naïve T cells isolated from lymph
odes (LN) of 2–4 months old RAG1−/− F5 transgenic mice [23]
hich recognise an inﬂuenza virus speciﬁc peptide in the con-
ext of H-2Db, were cultured in IMDM supplemented with 5% FCS,
-glutamine, 100 U/mL penicillin and streptomycin and 50 M -
ercaptoethanol. Ag-experienced cells were produced by in vitro
timulation of naïve F5 T cells with 100 nM NP68 peptide (ASNEN-
DAM)  for 3 days, and then rested in 5 g/mL IL-2 for 4–10
ays. Fab fragment preparation [24] was as follows: 1 mg  of
D8-speciﬁc (YTS 169.4) mAbs [25] was digested into Fab with
mmobilised papain (Thermo Fisher Scientiﬁc, Loughborough, UK)
n digesting buffer (50 mM PBS, 0.01 M EDTA, 0.1 M cystein, papain,
Ab/enzyme ratio 100:1). The Fab preparation was  conﬁrmed to
orm a single band of 50 kD on SDS-PAGE. A relative afﬁnity of
ab was measured by FACS in a competition labelling assay with
ntact Fluorescein-labelled YTS 169.4 mAbs. Quantum dots (Qdot)
dot655 and Qdot800 Streptavidin conjugates were purchased
rom Invitrogen (Paisley, UK). Biotinylated TCR (H57-597) and
D8-speciﬁc (YTS156.7.7) mAbs were purchased from BioLegend
London, UK).Letters 157 (2014) 16– 22 17
2.2. FACS measurements
Naïve cells from LNs or Ag-experienced cell cultures were
washed once and resuspended in IMDM medium supplemented
with 5% FCS, l-glutamine, 100 U/mL penicillin and streptomycin
and 50 M -mercaptoethanol. Triplicate cultures at 5 × 105 cells
per well were added in 50 L to 96-well plates containing media
supplemented with NP68 and with or without CD8-speciﬁc Fab
fragments and incubated for 3 h at 37◦/5%CO2. Stimulated cells
were stained with CD8-PerCP (53–6.7), TCR-FITC (H57-597) and
CD69-FITC (H1.2F3) speciﬁc mAbs (eBioscience, Hatﬁeld, UK). A
minimum of 30,000 events was collected using an LSRII (BD Bio-
sciences, Oxford, UK), and data were analysed with FlowJo software
(Tree Star, Olten, Switzerland).
2.3. Proximity measurements by ﬂuorescence lifetime
cross-correlation microscopy
For proximity correlation measurements cells were reacted with
1 nM of Qdot655-CD8 and Qdot800-TCR  speciﬁc mAb  conju-
gates in 50 mM PBS 2% BSA, 0.1% NaN3 pH 7.8 buffer at room
temperature for 20 min. The conjugates were prepared in 50 mM
Borate buffer, pH 8 by titration of streptavidin-coated Qdots with
small fractions of biotinylated antibody to 60% of the total Qdot con-
centration to get less than 1 quantum dot: antibody stoichiometry.
3× washed cell samples were measured in the photon correlator
module (Fig. 1) attached to an Eclipse T2000 inverted ﬂuores-
cence microscope (Nikon, Edinburgh, UK) through the C-mount
port. Excitation light beam of a single mode ﬁbre-coupled 405 nm
picosecond laser (EPL405, Edinburgh Instruments, Livingston, UK)
operated at 20 MHz  was directed to the microscope through the
back port and Dichroic beam splitter 1 (FF510-DiO1-25-36, Sem-
rock, Laser 2000, Ringstead, UK) and focused on a sample by
Fluor 100× Oil Immersion Objective, N.A. 1.3 (Nikon, Edinburgh,
UK). Sample ﬂuorescence separated from the excitation light by
Dichroic beam splitter 1 was  directed to the Photon Correlation
Module, where it was ﬁltered by 50 m Pinhole and split into twoobjective with high numerical aperture to the diffraction limit on the cell surface.
Fluorescence from the confocal volume separated from the excitation by Dichroic
beam splitter 1 and ﬁltered by 50 m Pinhole is split into two channels by Dichroic
beam splitter 2 and focused onto SPAD1 and SPAD2 detectors through interference
ﬁlters 1 and 2.
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aser 2000, Ringstead, UK) and 800 nm (FF01-800/12-25 Semrock,
aser 2000, Ringstead, UK). Detector signals and laser reference
ulses were measured by DPC-230 photon correlator operated
n a Time-Tagged Time Correlated Single Photon Counting mode
Becker & Hickl, Berlin, Germany). Exported to Matlab (Math-
orks, Natick, MA)  data were gated in the 3–15 ns lifetime range
o discriminate ﬂuorescence background and calculate auto-and
ross-correlation functions.
Autocorrelation function was calculated as
G() = G(0)∑n(t) · n(t + ),
G(0) = N
N2p
,
(1)
here n(t) and n(t + ) are 0 or 1, Np is a total number of photons
nd N is a number of time-intervals (laser periods) in the ﬂuctua-
ion measurement. Cross-correlation between the ﬁrst and second
hannels was calculated as
G12() = G12(0)
∑
n1(t) · n2(t + )
G12(0) =
N
Np1Np2
(2)
here Np1 and Np2 total numbers of photons in channels 1 and 2.
Relative concentration of a spatially coordinated components
ere calculated as
1 =
G2(0)
G12(0)
· 100%, C2 =
G1(0)
G12(0)
· 100% (3)
. Results
.1. Naïve and antigen-experienced T-cells express similar levels
f TCR and CD8The aim of this study was to compare the spatial organisation of
he TCR and CD8 in live naïve versus Ag-experienced CD8+ T cells
nd compare it with T cell sensitivity. Cells were obtained from a
CR transgenic mice in order to keep the TCR and CD8 constant.
ig. 2. Relative expression of CD8 and TCR on naïve and Ag experienced cells. Ag-experien
ice  with 100 nM NP68 for 3 days, rested in 5 g/mL IL-2 for 4 days, and then compared
ell  size (FSC) and CD8 and TCR expression. (B) Graphs show the mean values of FSC a
amples ± SD. All data are representative of at least two independent experiments.Letters 157 (2014) 16– 22
Naïve T cells were obtained directly from LN of a transgenic F5
Rag1−/− mice and Ag-experienced cells were produced by in vitro
stimulation of naïve F5 T cells with NP68 peptide and then further
cultured in presence of IL-2.
First we compared expression levels of TCR and CD8 in naïve
and Ag-experienced cells. Flow cytometry results of the cells
reacted with labelled CD8 and TCR-speciﬁc mAbs show that
Ag-experienced cells expressed slightly higher levels of these
molecules than naïve cells. However, Ag-experienced cells were
also larger as evaluated from the forward scatter signal (Fig. 2).
Hence, the naïve and Ag experienced cells showed similar average
densities of TCR and CD8.
3.2. Involvement of CD8 in Ag recognition strongly affects T cell
sensitivity
Then we  studied sensitivity of naïve and Ag-experienced cells to
Ag. CD69 is a convenient marker of T cell activation as its expression
rapidly upregulates upon triggering of the TCR [26]. We  employed
this marker to compare the sensitivity of Ag-experienced and naïve
F5 T cells (Fig. 3). As shown previously [27,28] Ag-experienced
F5 T cells are more sensitive to stimulation than naïve F5 T cells.
Half-maximal upregulation of CD69 in naïve cells (black closed
circles) occurred at ∼16-fold higher peptide concentration than
in Ag-experienced cells (gray closed circles), i.e. Ag-experienced
cells are ∼16-fold more sensitive than naïve cells. To examine the
extent to which CD8 binding to pMHC inﬂuences the sensitivity of
F5 T cells we  blocked the CD8-MHC interaction by Fab fragments
(100 g/mL) of a CD8-speciﬁc mAb (YTS 169.4) before pulsing
the cells with NP68 peptide. The Fab concentration required to
block the CD8-MHC interaction was measured in a competition
binding assay with intact YTS 169.4 antibody (Supplementary Fig.
S1). The abrogation of the CD8-pMHC interaction brought about
an ∼8-fold reduction in sensitivity of Ag-experienced cells com-
pared to a ∼20-fold reduction in naïve cells showing that CD8
strongly affects sensitivity to antigenic stimulation in the both cell
types.
ced CD8+ T cells were generated by stimulation of splenocytes cells from Rag1− /–F5
 to naïve LN cells. (A) CD8+ T cells were assessed by ﬂow cytometry to determine
nd CD8 and TCR associated ﬂuorescence (MFI). Values are the mean of triplicate
J.G. Borger et al. / Immunology 
Fig. 3. Comparison of sensitivity of naïve and Ag experienced cells by upregulation
of  CD69. Naïve and Ag. Exp. CD8+ T cells were incubated with Fab (100 g/mL) prior
to stimulation with NP68 and assessed by ﬂow cytometry. The graph represents the
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(ercentage of cells that upregulated CD69 expression in response to NP68 measured
t  3 h. Values are the mean of triplicate samples ± SD. All data are representative of
ne experiment.
.3. TCR and CD8 spatial organisation
We  employed ﬂuorescence lifetime cross-correlation
icroscopy to investigate TCR and CD8 organisation on theurface of naïve and Ag-experienced cells expressing the same
CR but having different sensitivity. T cells were reacted with
ono-functionalised Qdots with either CD8 or TCR-speciﬁc mAb,
hich have non-overlapping emission spectra with maxima at
ig. 4. Proximity measurements of TCR and CD8. Intensity ﬂuctuations of Qdot labelled 
aïve  (top left) and Ag-experienced cells (top right). Auto-correlation (TCR-Qdot800 (dot
bottom  left) and Ag-experienced cells (bottom right). Further examples are shown in SuLetters 157 (2014) 16– 22 19
655 nm or 800 nm,  to get optimal density of labelled TCR and CD8
molecules on the cell surface. Live cells were imaged through
a 50 m pinhole aperture and events caused by the passage of
individual labelled molecules through the confocal volume were
measured. In this manner associations between TCR and CD8  could
be monitored as the coincident emission of both wavelengths if
both molecules passed through the confocal volume together at
the moment of excitation. The upper panels in Fig. 4 show typical
ﬂuctuation traces of emission intensity of CD8-Qdot655 (dash line)
and TCR-Qdot800 (dots) on the surface of naïve (left panel) and
Ag-experienced (right panel) cells taken day 7 post-stimulation.
The lower panels show auto-correlation functions of the QD655-
CD8 (dash line) and QD800-TCR (dots) ﬂuctuation signals and their
cross-correlation function (solid line) for naïve (left panel) and
Ag-experienced (right panel) cells. Similar results were observed
for Ag-experienced cells between days 5–10 post-stimulation
(data not shown). The cross-correlation trace (solid line) shows
remarkable coincidences of TCR-Qdot800 and CD8-Qdot655
emission photons excited by the same or adjacent laser pulses in
Ag-experienced cells only, indicating that, in this cell population
most of the TCR molecules are colocalised with a CD8. In contrast,
naïve T cells show much lower level of colocalisation of these two
molecules. The amplitudes of the auto-correlation functions can
be used to calculate the average number (N) of labelled molecules
present in the confocal volume: N = 1/(G(0) − G(∞)), where G(0)
and G(∞) are the values of the auto-correlation function in 0
and ∞ moments of time-delay. Thus, we  calculate ∼10 CD8 and
TCR-Qdot800 (dots) and CD8-Qdot655 (dash line) speciﬁc mAbs on the surface of
s), CD8-Qdot655, (dash line)) and cross-correlation functions (solid line) for naïve
pplementary Figure S2 (Supplementary materials).
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1.4 TCR labelled molecules on the surface of both naïve and Ag-
xperienced cells. Fractions of TCR and CD8 correlated molecules
an be calculated using Eq. (3). Averaging over 10 cells of each
ype gave (5 ± 5%) colocalisation for naïve cells and (90 ± 10%)
or Ag-experienced cells. Because the surface density of CD8 was
-fold higher than that of TCR the TCR/CD8 colocalisation implies
hat a TCR is surrounded by one or several CD8 coreceptors.
. Discussion
The molecular mechanisms behind the functional afﬁnity matu-
ation of Ag-experienced T cells which endows them with increased
ensitivity to stimulation by pMHC are not well understood. In
his study we show a different cell surface spatial organisation of
CR and CD8 between live naïve and Ag-experienced CD8+ T cells.
hese molecules are present as preformed [TCR, CD8] functional
nsembles on the surface of Ag-experienced cells while they are
redominantly randomly distributed on the surface of naïve T cells.
mportantly, the surface density of TCR and CD8 were almost equal
n both these cell types, so changes in molecular association were
ot due to alterations in relative abundance of the two  proteins. The
ensitivity of Ag-experienced cells was greatly reduced by reacting
he cells with CD8-speciﬁc Fab fragments known to abrogate the
MHC-CD8 interaction but to not affect expression levels of TCR or
D8 or concentrations of downstream signalling molecules. Hence,
he T cell sensitivity is likely to be controlled by the proximity of
D8 and TCR which interact with pMHC at the very ﬁrst steps of Ag
ecognition.
There is a signiﬁcant difference in the interaction of TCR and
D8 with pMHC. The latter binds to the conservative 3 domain of
he MHC  heavy chain and to 2m whereas TCR binds to the pMHC
ntigenic epitope shaped by the peptide structure. The ﬁrst inter-
ction with the afﬁnity range of 100–200 M is characterised by a
elatively fast on-rate constant (≥105 M−1 s−1) and weak tempera-
ure dependence [29–31]. This binding rate complies with the rate
redicted by the “grey spheres” model (5 × 105–5 × 106 M−1 s−1)
hich is about an order of magnitude smaller than the diffu-
ion controlled limit for globular proteins of this molecular mass,
107 M−1 s−1, due to the geometrical factor accounting for their
utual orientation. In contrast, the interaction of TCR with non-self
eptide-MHC class I restricted antigen is characterised by higher
fﬁnity (1–50 M)  [30,32] and may  involve signiﬁcant conforma-
ional adjustments of the TCR and pMHC binding sites [33,34]
roceeding in the millisecond range [35]. As a result this inter-
ction has typically a slower on-rate constant (102–104 M−1 s−1)
nd is temperature dependent [36–38]. Namely this interaction
ndows the speciﬁcity to Ag whereas CD8 can just facilitate antigen
ecognition and is not always necessary. The binding sites of these
wo interactions on pMHC are spatially separated by ∼4 nM and no
ooperativity was observed in binding of soluble CD8 and TCR to the
ame pMHC ligand [31]. Nevertheless a cooperation between TCR
nd CD8 expressed on the cell surface has been reported [32,39].
ndeed, being anchored in the cell surface membrane and bound
o the same pMHC ligand the CD8-MHC interaction can stabilise
he TCR–pMHC complex by increasing its rebinding probability.
his mechanism has been discussed in the literature [32,40] and
onsidered as the major mechanism of CD8 cooperation.
Another less obvious mechanism of CD8 cooperation is a pos-
ibility to affect the binding rate of the TCR–pMHC interaction.
ssume that a T cell forms a stable contact interface with an APC
nd both TCR and CD8 can interact with the same pMHC ligand by a
wo-step reversible reaction mechanism which can proceed by one
f the following reaction schemes starting either with the associa-
ion of pMHC with CD8 (Eq. (4)) or with TCR (Eq. (5)). For both these
eaction schemes the ﬁrst step forward rate constants, k1 or k3,Letters 157 (2014) 16– 22
are proportional to the surface densities of pMHC and TCR or CD8,
and on-rate constants of pMHC-CD8 (kpMHC-CD8on ) or pMHC–TCR
(kpMHC-TCRon ) interactions respectively (Eqs. (6) and (7)). For simplic-
ity we assume that TCR and CD8 form a functional ensemble [TCR,
CD8] with the minimal (1:1) stoichiometry when TCR and CD8 have
equal local surface density. Hence, k1 and k3 differ only by the on-
rate constants of the pMHC-CD8 or pMHC-TCR interactions. CD8
binds pMHC much faster than TCR and hence the ﬁrst step operates
faster in the ﬁrst reaction scheme. If TCR and CD8 are colocalised at
a short enough distance (≤5 nm), at which they can form a ternary
complex with pMHC without involvement of lateral diffusion, their
local surface density is to be ≥4 × 104 molecules/m2. At such a
high density the forward rate constants k2 or k4 of the second step
will be considerably faster than the corresponding ﬁrst step back-
ward rate constant, i.e. k2  k−1 and k4  k−3. Hence, in both these
cases the overall forward rate constants (Eq. (8)) will be close to the
corresponding forward rate constants of the ﬁrst step, i.e. in the ﬁrst
case to the rate of the CD8-pMHC binding (k1on ≈ k1) and in the sec-
ond case to the rate of the TCR–pMHC binding (k2on ≈ k3). Because
k1 > k3, the ﬁrst reaction route dominates in the formation of the
pMHC·CD8·TCR ternary complex and the major fraction of pMHC
will bind TCR at the rate of association of CD8 with pMHC (k1), i.e.
signiﬁcantly faster than it would be without the CD8  cooperation
(k3).
pMHC + CD8 k1↔
k−1
MHC  · CD8 + TCR k2↔
k−2
pMHC · CD8 · TCR (4)
pMHC + TCR k3↔
k−3
MHC  · TCR + CD8 k4↔
k−4
pMHC · CD8 · TCR (5)
k1 = [pMHC] · [CD8] · kpMHC−CD8on (6)
k3 = [pMHC] · [TCR] · kpMHC−TCRon (7)
k1on =
k1
1 + (k−1/k2)
, k2on =
k3
1 + (k−3/k4)
(8)
A different scenario is expected if TCR and CD8 are randomly
distributed on the cell surface and separated such far that the
formation of TCR·pMHC·CD8 ternary complex requires lateral dif-
fusion. In this case the time between the ﬁrst (pMHC-TCR or
pMHC-CD8) and the second (TCR·pMHC-CD8 or CD8·pMHC-TCR)
binding steps is expected to be ∼0.014 s [16]. The reciprocal of this
value gives the frequency factor of the TCR–pMHC on-rate constant
∼70 s−1. Thus, the second step on-rate constant in the ﬁrst reaction
scheme being a product of the frequency factor by the geometri-
cal (∼10−1) and activation energy factors (∼10−2) will be ≤0.1 s−1,
whereas the dissociation rate constant of the CD8·pMHC complex
is ∼10 s−1, i.e. k−1  k2. In contrast, the off-rate constant of the ﬁrst
step k−3 in the second reaction scheme is 0.1 − 1 s−1 and the on-
rate constant of the second step k4 is ∼1 s−1 (because the activation
energy factor for the CD8·pMHC interaction is at least 10-fold larger
and than that of the TCR–pMHC interaction) and hence k−3 ≤ k4.
Thus, for randomly distributed TCR and CD8 the second reaction
scheme (Eq. (5)) predominantly operates where pMHC binds ﬁrst to
TCR and then CD8 binds to this complex. Hence, in this case CD8 can
only stabilise the already formed TCR–pMHC complex by binding
to the same pMHC ligand and getting thereby spatially coordinated
with the TCR.
Summarising the reaction mechanism we  note that the forma-
tion of [TCR, CD8] functional ensembles can signiﬁcantly accelerate
the binding of pMHC and TCR and switch thereby a T cell to a high
sensitivity mode. Importantly, the model predicts that all pMHC lig-
ands irrespective of peptide structure will bind TCR with nearly the
same rate close to the rate of the CD8-pMHC association. This high
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[
[J.G. Borger et al. / Immun
ensitivity mode is more important for slow binding pMHC ligands
nd less so for those which bind TCR with rate constants compara-
le with that of the CD8-pMHC interaction, i.e. T cell clones can be
ore or less CD8-dependent.
In respect to a pMHC ligand a [TCR, CD8] functional ensem-
le can be considered as a bivalent receptor. However, in contrast
ith B cell receptor afﬁnities of its binding sites are not equal.
 question arises why the evolution developed the mechanism
f non-constitutive association of TCR and CD8 to enhance the
CR–pMHC interaction instead of including CD8 into the TCR com-
lex or by increasing TCR afﬁnity? It is apparently because the
roximity mechanism allows ﬁne tuning of T cell sensitivity by the
ossibility to regulate the fraction of functional [TCR, CD8] ensem-
les and optimise the strength of immune response. Any structural
hanges in the binding site of a clonally preselected TCR may  extend
he TCR repertoire and increase the risk of autoimmunity. In con-
rast, the proximity mechanism does not affect the T cell repertoire
ut only kinetically promotes the binding of pMHC to TCR by giving
n equal chance to any pMHC ligand to produce a transient com-
lex with a TCR with a similar rate constant independently of its
tructure. At the same time the possibility that a stable TCR–pMHC
omplex will be formed is strictly determined by the structure of
he pMHC antigenic epitope.
Afﬁnity of the CD8-pMHC interaction should be signiﬁcantly
ower than that of a TCR-cognate pMHC interaction to maintain
eptide Ag speciﬁcity of the TCR–pMHC interaction [41,42]. This is
onsistent with our model which suggests that the major role of
his interaction is not to stabilise the TCR–pMHC complex but to
rovide the highest robustness of Ag screening on the surface of
PC by stopping every pMHC ligand in front of a TCR and giving to
t an equal chance to produce a stable TCR–pMHC complex with a
ifetime longer than a threshold of Ag recognition. To provide the
ighest robustness of the Ag screening CD8 should bind pMHC as
uickly as possible and the on-rate constant ≥105 M−1 s−1 is appar-
ntly the maximal rate which can be achieved for binding of these
wo globular proteins. Thus, lifetime of this complex should be long
nough to facilitate the formation of a TCR·pMHC complex which in
ome cases involves millisecond conformational adjustments [35]
ut on the other hand it should not be too long to avoid increasing
he lifetime of the CD8·pMHC·TCR ternary complexes with non-
ognate ligands which comprise the major fraction of the pMHC
opulation on the surface of APCs and to not largely reduce in the
umber of non-engaged TCRs available for Ag recognition. Thus, the
elicate balance between CD8-pMHC and TCR–pMHC afﬁnities and
he proximity of TCR and CD8 are key factors providing the highest
obustness to Ag recognition without compromising its speciﬁcity.
ifetime of the CD8-pMHC complex in the range of 50–100 ms is
pparently a reasonable trade-off for the above conditions which
ives the 100–200 M range of CD8-pMHC afﬁnity.
Our data show that blocking the CD8-pMHC interaction signif-
cantly reduces sensitivity of Ag-experiences cells in accord with
he prediction of the kinetic model. However the sensitivity did
ot decrease to the level of sensitivity of naïve cells. This sug-
ests that together with the spatial CD8-TCR coordination there
re other mechanisms affecting sensitivity of T cells. We  know that
CRs can form nanoclusters on the surface of Ag-experienced cells
20,21] and this differs them from naïve cells. Assembling of TCR
nto nanoclusters increases their local density and consequently
he probability of pMHC rebinding, which can also contribute to
he sensitivity of Ag-experienced cells.
Previously we showed that CD8-pMHC interaction plays an
mportant role in binding of Qdot-based pMHC nano-sensors to Ag-
xperienced T cells: the nano-sensors can bind to T cells even when
ll MHC  molecules are “loaded” with a non-cognate peptide but do
ot bind when the CD8-MHC interaction was abrogated by a muta-
ion in the 3 domain of the MHC  heavy chain [43]. This means
[Letters 157 (2014) 16– 22 21
that CD8 also plays a role of adhesion molecule in the formation
of T cell–APC contacts. We  suggest that the random distribution of
TCR on the surface of naïve cells makes this role even more impor-
tant for naïve cells whereas in Ag-experienced cells the blockage
of the CD8-MHC interaction can be partially compensated by a
higher rebinding probability of pMHC to a TCR nanocluster. There-
fore, naïve cells greatly loose their capacity to form stable contacts
with APCs without the CD8-MHC interaction and their sensitiv-
ity dramatically decreases. In addition, the abrogation of CD8-MHC
interaction can also reduce lifetime of TCR–pMHC complex which
is likely to be me  more important for naïve cells.
In conclusion we  note that the spatial organisation of the pri-
mary signalling molecules is formed in naïve CD8+ T cells by the
interaction with Ag and remains over the lifespan of these cells.
The proximity of TCR and CD8 increases the rate of Ag recognition
and increases thereby the sensitivity of T cells. Detailed molecular
mechanisms controlling TCR and CD8 organisation and the switch-
ing of T cells from a low to high sensitivity mode are yet to be
elucidated.
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